We report the development of an optimization approach for diaphragm-embedded optical fiber sensors, which was applied on the pressure, force and liquid level assessment using chirped fiber Bragg gratings (CFBGs) inscribed in cyclic transparent optical polymer (CYTOP) fibers. The inscription was performed using the plane-by-plane method with a femtosecond laser, whereas the diaphragm optimization was performed through the multi-objective particle swarm optimization (MOPSO). The objective functions for the optimization were obtained from numerical simulation using the finite element method of diaphragms with different thickness and diameters. The MOPSO resulted in a set of solutions with thickness and diameter aiming the optimization of sensitivity and linearity of diaphragm-embedded CFBG sensors. Three configurations were chosen with different values sensitivity and linearity. Experimental analysis was performed in each configuration for temperature and pressure variations, where the results confirmed the different sensitivity and linearity levels for each chosen configuration. Two applications were analyzed for the proposed configurations with higher sensitivity and linearity: one for force estimation over a 200-N range and the other for sub-millimeter assessment of liquid level over a 50-cm range. In order to obtain a highly reliable and accurate system, a novel data integration method for chirped FBGs was proposed. In this case, the estimation of force, pressure or liquid level was performed considering the contributions of both wavelength shift and full width half maximum (FWHM) variations. The proposed approach resulted in error improvement of 60% for all cases and for all parameters analyzed.
I. INTRODUCTION
In recent years, optical fiber sensors have experienced a growth and widespread use due to advantages such as compactness, lightweight configuration, chemical stability, multiplexing capabilities and immunity to electromagnetic interferences and passive operation [1] . Furthermore, there is no electric signals in the sensor head, which makes optical The associate editor coordinating the review of this manuscript and approving it for publication was Sanket Goel .
fiber sensors an intrinsic safe solution for harsh and explosive environments [2] . For these reasons, optical fiber sensors have been widely used in medicine [3] , healthcare [4] , industrial applications [5] , structural health monitoring [6] and in radioactive environments [7] . Among many optical fiber-based sensing approaches, e.g. nonlinear effects [8] , intensity variations [9] , interferometers [10] and reflectometry [11] , fiber Bragg gratings (FBGs) are popularly employed to the measurement of diverse industrial and structural parameters, such as strain, VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ pressure, liquid level, temperature, humidity and even detection of specific chemical compounds [12] . The reason for such widespread use is its high resolution, sensitivity and reliability of such sensing scheme, which is mainly related to their wavelength-encoded data that can be also be used to provide multiplexing capabilities (i.e., the possibility of inscribing dozens of sensors in the same fiber) [13] . Such advantages resulted in a compact and simple sensing solution for multipoint and multiparameter measurements in a quasi-distributed configuration [14] . FBGs are created through a refractive index modulation when the fiber is exposed to a periodic intensity pattern [13] . If the period is constant, a uniform FBG is created, whereas a non-constant period is used, it results in a non-uniform FBG, which can be classified as phase-shift or chirped FBG depending on the period variation [15] . Chirped FBGs are created through a linear variation of the period on the refractive index modulation [16] . Thus, there is a variation on the Bragg wavelength along the grating region, which can be regarded as uniform FBGs in a cascaded configuration, resulting in a broader backscattered spectrum, where the full width half maximum (FWHM) can be as high as tens of nanometers [17] . Besides their use as dispersion compensator in communication systems, the spectral dependence with strain or temperature profiles along the grating length make chirped FBGs suitable for diverse applications such as thermal profiling applications [18] , strain distribution [16] , and impact detection [17] . In addition, it is possible to analyze both the wavelength shift and FWHM variation in order to obtain simultaneous measurements and temperature insensitive systems [19] .
Advances on polymer processing, characterization and photosensitivity analysis have resulted in the development of FBGs in polymer optical fibers (POFs) [20] . Such fibers have intrinsic advantages over the conventional silica optical fibers for sensors applications due to their higher strain limits, fracture toughness, lower Young's modulus and flexibility [21] . These advantages result to sensors with higher sensitivity and dynamic range for mechanical parameters measurement [22] . As the main drawback of most POFs are their high attenuation at 1550 nm wavelength region, perfluorinated POFs, such as CYTOP, have been proposed as a viable alternative for optical signals transmission at 1550 nm [23] . However, their ultraviolet (UV) resistance prevents efficient FBG inscription using conventional UV lasers. For this reason, a plane-by-plane direct inscription method was proposed in [24] for a single peak FBG spectrum in multimode CYTOP fibers using a femtosecond (fs) laser operating at 517 nm, which enabled the inscription of long arrays in this fiber [25] , [26] as well as Fabry-Perot cavities and chirped FBGs [27] .
Since the FBGs are intrinsically sensitive to strain, temperature and, for some polymers fibers to humidity variations as well. The use of these sensors in monitoring another mechanical parameter occurs by embedding the FBGs in different structures. Diaphragms are one of the most commonly employed structures for FBG embedment. They are used on the assessment of vibration [28] , acceleration [29] , plantar pressure [30] , force [31] and liquid level [32] . For such different parameters, with different requirements of sensitivity and dynamic range, the diaphragm design is of critical importance, since the dynamic response of the sensor is dependent on the diaphragm geometry [33] and material behavior [34] . These conflicting parameters generally result in a multi objective optimization problem, where it is desirable to have maximum sensitivity, linearity or dynamic range for the sensor system. This paper focus on the optimal design of 3-D printed diaphragms, with embedded chirped FBGs on CYTOP fibers, so that pressure sensors can be fabricated in practice with both maximum sensitivity and linearity. No exact optimization formulation is viable in this case, so optimization heuristics that have been proposed throughout the years, such as genetic algorithms and particle swarm optimization (PSO) algorithms [35] , can be used to perform educated search over candidate solutions across a given population [36] . Herein diaphragms were optimized through the multi objective PSO (MOPSO) for simultaneously maximum linearity and sensitivity over a population of chirped FBGs in CYTOP fibers embedded in 3D-printed circular diaphragms different diameter and thickness. Such constructive parameters have intricate relationships with sensor linearity and sensitivity, thus only numerical simulations (using, for example, the finite element method) can accurately represent the strain distribution over the diaphragms, and more importantly, strain transfer to the FBG. On the other hand, it is prohibitively time consuming the task of generating large populations of numerically simulated diaphragms. Then, this paper proposes a simplified method which is used to construct three different configurations of diaphragms obtained from the MOPSO. They were 3D-printed and a chirped FBG inscribed in CYTOP fiber was embedded in each diaphragm for the assessment of pressure and liquid level, which was obtained by analyzing both the wavelength and FWHM of the grating spectra.
The contributions of this work are twofold: (i) the development of guidelines for diaphragm design, which can be used not only on chirped FBG sensors, but also on any optical fiber sensor based on diaphragms. (ii) To the authors' knowledge, this is the first application of chirped FBGs in CYTOP fibers, where it is possible to obtain a temperature-insensitive system that is also capable of measuring pressure with higher accuracy through the data integration between the wavelength shift and FWHM.
II. DIAPHRAGM DESIGN AND OPTIMIZATION
The diaphragm design was performed considering the material and geometric parameters; thickness and diameter. Since the diaphragm is fabricated through 3D printing in a flexible material, the thermoplastic polyurethane (TPU) was the material considered in the numerical analysis. For the analysis, we consider a Young's modulus of 0.25 GPa, Poisson's ratio of 0.49 and density of 1190 kg/m 3 , where the stress-strain curve obtained on the TPU characterization in an universal tensile testing machine (shown in Fig. 1 inset) was also included in the numerical simulation.
The numerical simulation was performed using the finite element method (FEM), where the inputs for the model are a fixed cylindrical support and constant pressures applied on the diaphragm front face (see Fig. 1 ). In this case, the strain at the diaphragm center is analyzed as a function of the applied transverse pressure. In the simulations, the applied pressures varied from 0 to 48.9 kPa. The strain in the diaphragm center was analyzed as a function of the applied pressures and the slope and the correlation with a linear response were analyzed in order to estimate the sensitivity and linearity of the diaphragm strain response. Figure 1 shows a schematic representation of the configuration used for the numerical analysis, the TPU stress-strain curve and the strain response (as a function of the applied pressure) for the diaphragm with 1 mm thickness and 50 mm diameter. It is possible to observe in the strain response shown in Fig. 1 the sensitivity and linearity of this specific diaphragm configuration.
These numerical simulations are repeated for diaphragms with different diameter and thickness, where the thickness analyzed ranged from 0.25 mm to 1.50 mm and the diameter from 10 mm to 50 mm. The upper and lower bounds for the diaphragm geometric parameters were defined considering the limitations on the diaphragm fabrication, which include the spatial resolution of the 3D printer as well as the limits of the experimental prototype for the transverse pressure (or hydrostatic pressure) sensing.
The sensitivity and linearity of the strain response were estimated for each diaphragm's configuration and a correlation between the performance parameters, i.e., sensitivity and linearity with respect to the diaphragm thickness and diameter was obtained. Thus, a polynomial regression was performed to correlate the diaphragm geometric parameters (thickness and diameter) with the sensitivity and linearity, resulting in two equations. Such equations are applied as the objective functions for the proposed MOPSO algorithm. The objectives are the maximization of sensitivity and linearity through the choice of the correct diaphragm thickness and diameter.
Particle Swarm Optimization (PSO) is one of the most popular meta-heuristics, inspired in the flight of bird flocks and proposed by Kennedy and Eberhart [35] . In this problem, a Multi-Objective PSO is used and a set of optimal solutions, called the Pareto front, are provided. The Pareto front is based in the concept of dominance in order to indicate and compare the quality degree of different solutions, i.e., solution x 1 dominates x 2 if and only if, for all purposes involved in the domain of the function, x 1 is not worse than x 2 in any order and there is at least one goal in which x 1 is better than x 2 . The proposed problem formulation can be expressed as follows [36] :
where 0.2 mm ≤ e ≤ 1.5 mm and 10 mm ≤ D ≤ 50 mm. These limits were chosen due to resolution restrictions of the 3D printer (0.05 mm) and the limits on the experimental prototype for the sensor characterizations. In addition, the parameters of the regressions in Eqs. (1) and (2) are presented in Table 1 .
The goal of MOPSO is to get the Pareto front among the possible solutions x i = [thicknessi, Diameteri]. Since it is a meta-heuristic, inspired by the flight of bird flocks, the operating principle is based on the experience of each bird and the overall swarm experience to look for the optimal Pareto curve at each iteration. These Pareto front solutions are stored in a repository. The birds have their position altered based on a weighting between their previous speeds, their current distance from their best experience, and their current distance from their best group experience. Mathematically, the creation of the swarm, the speed update and the position of the birds are determined with the following equations [36] :
where x i is the i th swarm component (one of the solutions analyzed), x max is maximum value of component xi, whereas its minimum value is x min . In addition, rand (0,1) is a random number between 0 and 1, v i (it) is the speed of swarm component i in the iteration it, and w is an inertial factor. c 1 and c 2 are the acceleration factors 1 and 2, respectively. The best result obtained by a component i is the parameter p i , whereas the best result obtained by the swarm in the Pareto front repository is g.
The iterative process of this meta-heuristic search can be summarized following 6 steps: (i) initialize the solution vector using equation 1; (ii) evaluate the solutions using the dominance concept; (iii) update the best individual result by bird (p i ) using the dominance concept.
Step (iv) update the Pareto front repository and randomly choose g from the Pareto front solutions; (v) update the solution vector using equations 2 and 3; Finally, step (vi) consists in returning to step 2, repeating the procedure until the stopping criterion is met. Figure 2 shows the results obtained in the optimization using MOPSO. The x-axis presents the sensitivity, whereas the y-axis shows the linearity for different diaphragm configurations. In Fig. 2 insets, the strain distribution on the different configurations is presented for a pressure of 9 kPa. These configurations were the ones chosen on the diaphragm fabrication. As there are a tradeoff between the sensitivity and linearity, the chosen solutions represent the ones with highest sensitivity, linearity and another solution that represents a medium sensitivity and linearity.
Regarding Fig. 2 , three configurations were chosen for the diaphragm fabrication. Configuration 1 with diaphragm thickness of 0.8 mm and diameter of 30 mm, which is the configuration with highest linearity and lowest sensitivity among the ones tested. Configuration 2: diameter of 45 mm and 1.2 mm thickness, which provides a combination of medium sensitivity and linearity. Finally, Configuration 3 (with 0.2-mm thickness and 42-mm diameter) results in the highest sensitivity, but with the lowest linearity between the chosen configurations. It is also worth noting that we choose the configurations based on the 3D printer resolution (0.05 mm). For this reason, there some configurations were not chosen, since they resulted in a diaphragm thickness and/or diameter that the 3D printer was not able to fabricate, e.g., the configuration indicated in Fig. 2 (with a dashed blue circle) , where the diaphragm has a thickness of 0.42 mm, which is below the 3D printer resolution on z-axis of the printer, since the printer, with the 0.05 mm resolution at this axis, will only be able of producing the thickness of 0.4 mm or 0.45 mm and not 0.42 mm.
III. EXPERIMENTAL ANALYSIS A. EXPERIMENTAL SETUP
The diaphragms (for all three configurations) were fabricated using the TPU material in the 3D printer Sethi3D S3 (Sethi, Brazil), where 100% infill density and 0.02 mm of layer thickness. The diaphragms had the design shown in Fig. 3 for their positioning on the experimental setup, which was comprised of two supports, for the front and back faces of the diaphragm. The supports were also fabricated through 3D printing in a poly-lactic acid (PLA) material, where the infill density was also 100%. The supports and the diaphragm were connected to an acrylic support through a bolt connection.
The reflected spectra of the chirped FBGs were acquired with the FBG interrogator sm125 (Micron Optics, USA) having a 1-pm spectral resolution. The chirped FBGs were inscribed in CYTOP fibers (Chromis Fiberoptics Inc.) using the plane-by-plane direct write method using a fs laser operating at 517 nm with 220-fs pulse duration (HighQ laser femtoREGEN). The fibers with 120-µm core diameter, 20-µm cladding thickness and polycarbonate overcladding were positioned on an air-bearing stage with nanometer resolution capable of positioning the fiber with respect to the laser focus (focused through a ×50 objective lens). In order to provide the chirp in the grating period, each plane had a 7.65 pm increase resulting in a difference between the first and final period (2000 periods with a total of about 5 mm), resulting in a chirp of 2.2 nm/mm [27] .
As presented in Fig. 3 inset, there was a strain distribution on the diaphragm in the region where the chirped FBG was positioned. Thus, there was a strain distribution on the grating region due to the strain transmission from the diaphragm to the POF, which resulted not only in the wavelength shift, but also in the FWHM, as depicted in [16] , whereas, the uniform distribution of the temperature on the diaphragm led to only a wavelength shift.
For the pressure characterization, calibrated weights are positioned on the support shown in Fig. 3 , which has a known area. In this case, the pressure range is from 0 kPa to 18.5 kPa in steps of ∼ 3.7 kPa. Moreover, a temperature characterization was performed, where the sensors were positioned inside the climate chamber 1/400 ND (Ethik Technology, Brazil) with a temperature variation from 30 • C to 60 • C, in steps of 10 • C. In addition, the dependency of the FWHM with the temperature variations on the proposed sensor system were investigated, since such variations can be related to the diaphragm parameters due to the thermal expansion of the TPU material.
B. DIAPHRAGM-EMBEDDED CYTOP CHIRPED FBG SENSOR CHARACTERIZATIONS AND DATA INTEGRATION
The configurations (Fig. 2) were tested in the aforementioned experimental setup. The diaphragm parameters and chirped POFBG embedment lead to different initial strain distributions on the grating region, which can influence the initial chirped FBG spectrum for each configuration. In order to verify this dependency, Fig. 4 presents the reflected spectrum of the chirped FBG inscribed in CYTOP fibers for each configuration.
The results presented in Fig. 4 indicate that the diaphragm configuration, thickness and diameter in this case, can influence the spectrum of the FBG when it is embedded in the diaphragm structure. However, such variations depend not only on the diaphragm parameters but also on the embedment method, as shown in [36] , where the same diaphragm can have different responses by changing the diaphragm assembly due to different bolt pre-tension. Such dependency on the assembly explains the lower central wavelength and FWHM of Configuration 2, when compared with the other configurations. It also should be noted that such lower central wavelength of Configuration 2 is also related to its higher diameter and thickness (see Fig. 2 ), which lead to lower strain distribution on the POF when it is embedded within the diaphragm. This also results in a lower FWHM as depicted in Fig. 4(d) . In contrast, Configuration 3 has the lowest thickness, which can lead to higher strain transmission from the diaphragm to the CYTOP, resulting in the highest central wavelength. On the other hand, Configuration 1, with its lowest diameter can result in a higher strain distribution in the grating region during the chirped FBG embedment, which leads to a higher FWHM.
It is important to emphasize that the results in Fig. 4 are related to the embedment method of the POF sensors in the diaphragm structures. The conclusions regarding initial central wavelength and FWHM are not related to the sensitivity and/or linearity of these parameters with pressure or temperature. In order to verify the behavior of the chirped FBG spectral response as a function of the temperature, Fig. 5 shows the results obtained in temperature characterizations for each configuration.
Although the optimization process proposed only considered the effects of pressure on the diaphragm response, the results presented in Fig. 5 indicate that the temperature also plays an important role on the sensor response. Thus, in applications where there are temperature variations, the thermal response of the diaphragm should also be considered regarding the selection of thickness and diameter. As the temperature increases, there is also an increase of the thermal-induced strain on the diaphragm, which can be transmitted to the chirped FBG. This effect can explain the higher wavelength shift in Configuration 2, where there is the highest thickness on the diaphragm.
In addition, such high thickness can also be related to the lower FWHM variation due to uniform distribution of the thermal-induced strain on the diaphragm, resulting in uniform strain transmission to the grating region, which leads to a lower variation of the FWHM. If a temperature sensor with chirped FBGs is considered, Configuration 2 presents the highest sensitivity and linearity, whereas Configuration 3 presents the lowest wavelength shift, but with a higher FWHM variation. Due to its temperature dependency, the pressure and application tests are performed at constant (room) temperature.
Thereafter, the pressure characterization is performed with the proposed sensors, where the results obtained in such experimental analysis (Fig. 6 ). In this case, regarding to the wavelength shift, the sensor behavior is similar to the predicted simulations, where the lowest sensitivity and highest linearity (among the ones tested) were obtained for Configuration 3, whereas the highest sensitivity and lowest linearity were found in Configuration 1. As predicted in the MOPSO, Configuration 2 offers higher linearity than Configuration 1 and higher sensitivity when compared with Configuration 3. If the FWHM variation is analyzed, both Configurations 2 and 3 presented similar response, whereas Configuration 1 presented the lowest FWHM variation. The reason for this behavior is related to the diaphragm's diameter of each configuration, where Configuration 1 (with the smallest diameter among the ones tested) presented the lowest FWHM variation, whereas Configurations 2 and 3, with similar diameter ( Fig. 2 ) also presented similar FWHM variation, which indicates the dependency of the diaphragm diameter with the FWHM; a larger diameter can be related to a higher non-uniformity on the diaphragm strain distribution (transmitted to the chirped FBG). The strain variation on the diaphragm is presented in the insets of Fig. 2 , where it is possible to observe that the distribution with higher uniformity is the one obtained in the simulations of Configuration 1, which also presented the lowest FWHM variation. Figure 6 indicates that the pressure applied on the diaphragm leads both the wavelength shift and the FWHM variation in all analyzed cases. Therefore, if the whole spectral response is analyzed, there are two parameters to be correlated with the pressure variation. For this reason, it is possible to perform a polynomial regression through the least squares method for estimating the applied pressure from both the wavelength shift and FWHM variation of each proposed sensor's configurations. Considering the results obtained in the sensor's characterization, the polynomial regressions using the FWHM variation were performed considering the behavior of the wavelength shift, i.e., a polynomial degree 1 for Configurations 1 and 2, degree 2 for Configuration 3. 
p c3 = 0.003938 + 37.63 λ + 25.37 B + 18.16 λ 2 ,
where p c1 , p c2 and p c3 are the estimated pressures using Configurations 1, 2 and 3, respectively. The estimated pressure using each configuration and its comparison with the applied pressure is presented in Fig. 7 , where the root mean squared errors (RMSEs) between the estimated and applied pressures are showed for each configuration.
As presented in Fig. 7 , Configuration 2 has the lowest RMSE, and all tested configurations have a RMSE below 1 kPa, which can be regarded as low pressure errors considering the whole range of the pressure characterization. If the results of the pressure estimation ( Fig. 7) are compared with the FWHM variation and wavelength shift as a function of the pressure (Fig. 6) , the lower errors obtained with Configuration 2 are related to the lower difference between the polynomial regressions and the measured responses for FWHM variation and wavelength shift.
Nevertheless, if a larger measurement range is necessary, the Configuration 1 is the most suitable one, since both FWHM and wavelength shift presented a linear response as function of the applied pressure. Thus, one can expect that if the pressure variation exceeds 18 kPa, Configuration 1 will be able to track and estimate these differences, whereas Configurations 2 and 3 will present errors or inaccuracies in the pressure estimation, since their FWHM variations present a saturation tendency in pressures higher than 10 kPa. For Configuration 3, even the wavelength shift presents such behavior, where the sensor is not linear for pressures exceeding 5 kPa. On the other hand, the highest signal variation occurs in Configuration 3, which can be regarded as the configuration with the highest sensitivity and resolution. If the FBG interrogator with 1-pm resolution is considered, configuration 3 is capable of measuring applied pressures as low as 4.11 Pa. The behaviors of the proposed configurations lie within the MOPSO predictions, where Configuration 1 has the highest linearity and Configuration 3 the highest sensitivity.
IV. APPLICATIONS OF THE PROPOSED DESIGNS
Considering the analysis presented in Section II and III, two different applications were proposed. In the first application, the diaphragm-embedded chirped FBG was used for force assessment applications, where forces as high as 200 N were applied on the system in steps of 50 N. In the second application, the proposed sensor system was used on the liquid level assessment through the hydrostatic pressure variation. In this case, it was desirable that the sensor had high resolution in order to measure the level with sub-millimeter resolution in a 50-cm range.
Configuration 1 was used for the force assessment application, providing the highest linearity when both FWHM variation and wavelength shift are analyzed. Figure 8(a) shows the experimental setup for force application, whereas Fig. 8(b) , (c) and (d) present the wavelength shift, FWHM variation and force estimation using the chirped FBG in Configuration 1. The results presented in Fig. 8 show that the sensor in Configuration 1 maintains its linear behavior even in a larger deflection range than the ones tested on the pressure characterizations. Such features make Configuration 1 suitable for applications that require large dynamic range from the sensor system, which include ground reaction forces assessment in movement analysis, force assessment in axial bearings and axles of mechanical system, as well as force estimation in end effectors of robotic manipulators. Regarding to the errors on the force estimation, the proposed approach in which both FWHM and wavelength shift are used on the polynomial regression for force estimation resulted in a RMSE of about 7.9 N, whereas the rate of variation on the spectral response resulted in a force resolution of 0.06 N (considering the 1-pm resolution of the FBG interrogator). In the conventional approach for parameter estimation using FBGs, only the wavelength shift or the FWHM are used on the sensor's response estimation. In these cases, the RMSEs are 9.3 N for the estimation using only the wavelength shift and 12.7 N for the case when only the FWHM is analyzed. Thus, the proposed data integration approach, where FWHM and wavelength are combined in order to provide a better estimation of the measurand (force in this case) results in a 37 % reduction of the measurement errors. The second proposed approach is the liquid level assessment, where the requirements are high resolution in a limited operation range. Considering the results obtained in Section II and III, Configuration 3 is most suitable for this application. The chirped FBG with the diaphragm in Configuration 3 is positioned on the experimental setup shown in Fig. 10(a) , where there is a maximum liquid level variation of 50 cm, which was performed in steps of 10 cm. The wavelength shift, FWHM variation and liquid level estimation are presented in Fig. 10(b) , (c) and (d), respectively.
The results obtained in Fig. 10(d) shows the feasibility and high accuracy of the proposed data integration approach, where a RMSE lower than 1 cm was obtained when wavelength shift and FWHM variation were used on the liquid level estimation, whereas the error using only one spectral information was as high as 2.5 cm. In addition, if the error is further reduced, the proposed sensor configuration can achieve sensing resolution of 0.3 mm (when the FBG interrogator with 1-pm resolution is considered).
V. CONCLUSION
This paper presented the development and application of a chirped FBG inscribed in CYTOP fibers, combined with an optimization method for diaphragm-embedded optical fiber sensors. The strain distribution on the diaphragms were analyzed through the FEM, where the linearity and strain variation of the strain at the diaphragm center as function of the diaphragm thickness and diameter were used as the objective functions for MOPSO algorithm. Thereafter, 3 diaphragm configurations were chosen based on the Pareto front obtained on the MOPSO, one with higher sensitivity and lower linearity (Configuration 3), one with lower sensitivity and higher linearity (Configuration 1) and one with a balance between sensitivity and linearity (Configuration 2).
The chirped POFBGs were embedded in each diaphragm and the pressure response of those systems were analyzed as function of the wavelength shift and FWHM variation. The results obtained in the characterizations confirmed the predictions from the numerical and optimization models. For this reason, two applications were proposed: one for large force assessment and the other for liquid level measurement. The first application demands a sensor with high linearity, resulting in a larger dynamic range. For this reason, the Configuration 1 was used, whereas the liquid level application needs a sensor with high sensitivity, leading to higher sensing resolution, which is obtained with Configuration 3.
In addition, we also proposed novel data integration for chirped FBGs, where both wavelength shift and FWHM variations were used on the pressure, force or liquid level estimation. Compared with the conventional approach using only the wavelength shift or FWHM, the proposed data integration resulted in an error reduction of 37% and 60% for Configurations 1 and 3, respectively. Therefore, the proposed approach for data integration is a feasible method for obtained chirped FBG sensors with higher accuracy. Furthermore, the proposed optimization approach provides guidelines for the diaphragm design considering different applications for any diaphragm-embedded optical fiber sensor. Finally, to the authors' best knowledge, this the first application of chirped FBGs inscribed in CYTOP fibers, which presents intrinsic advantages over conventional silica fibers due to its potentially higher sensitivity and dynamic range. However, the pressure characterizations were performed in constant temperature conditions and the temperature characterization shows a dependency on the sensitivity and linearity for temperature measurements on the diaphragm thickness and diameter. This dependency as well as the viscoelastic effects and temperature cross-sensitivity in diaphragms with different configurations will be further explored in future works.
